Abstract This paper studies three-dimensional diffraction of obliquely incident plane SH waves by twin infinitely long cylindrical cavities in layered poroelastic half-space using indirect boundary element method. The approach is validated by comparison with the literature, and the effects of cavity interval, incident frequency, and boundary drainage condition on the diffraction are studied through numerical examples. It is shown that, the interaction between two cavities is significant and surface displacement peaks become large when two cavities are close, and the surface displacement may be significantly amplified by twin cavities, and the influence range with large amplification can be as wide as 40 times of the cavity radius. Surface displacements in dry poroelastic case and saturated poroelastic cases with drained and undrained boundaries are evidently different under certain circumstances, and the differences may be much larger than those in the free-field response.
Introduction
Diffraction of elastic waves around underground cavities is an important topic in engineering seismology, however, up to now, most studies are limited to either elastic homogeneous half-space or plane strain model. In general, halfspace is layered, and dynamic characteristics of soil layers have significant effect on the wave diffraction ; there is necessarily an angle between wave propagation direction and cylindrical cavity axis (De Barros and Luco 1993; Stamos and Beskos 1996; Liang et al. , 2013 , or say, the problem is three-dimensional and cannot be simply decomposed into in-plane problem and out-ofplane problem . Also, in coastal plain or alluvial plain, soil layers below water level are often saturated poroelastic, and pore liquid has significant effects on wave diffraction. However, there are few studies for diffraction of obliquely incident plane waves around infinitely long cylindrical cavities in layered poroelastic half-space.
The purpose of this study is to investigate 3D diffraction of obliquely incident plane SH waves by twin infinitely long cylindrical cavities in layered poroelastic half-space using indirect boundary element method (IBEM), extending the study of single cylindrical cavity in layered elastic half-space (Liang et al. , 2013 to the case of twin cavities and to the case of poroelasticity. Figure 1 shows the model of twin infinitely long cylindrical cavities in poroelastic soil layers over elastic half-space (bedrock) for incident plane SH waves, with (a) the view in x-y plane, (b) the view in y 0 -z plane, and (c) the crosssection of the cavities in x-z plane. The angle with y in x-y plane is h h , and the angle with y 0 in y 0 -z plane is h v . The thickness of the soil layers is H, the radius and buried depth of the cavity is a and h, and the distance between two cavities is S. The boundary of two cavities is described by C.
Method
The cylindrical cavities are infinitely long, and the wave fields at two different cross-sections perpendicular to the cavity axis are identical but shifted in time, therefore, the wave field can be represented by the dynamic response of moving loads. This allows only one cross-section of the cavities to be used for calculation. The IBEM is used to determine the wave diffraction around cavities in poroelastic soil layers over elastic half-space. The free-field response is calculated to determine the dynamic response at the surface of the fictitious cavities. Moving distributed loads and pore pressure is applied on the surface of the fictitious cavities to calculate the Green's functions for the dynamic responses at the surface of the fictitious cavities. The moving distributed load and pore pressure are determined by boundary conditions. Finally, the solution is obtained by adding the dynamic responses of the free field and the response due to the moving distributed loads.
Biot's theory
The displacement of the solid frame and the fluid displacement relative to the solid frame are denoted by u i and w i (i = x, y), respectively, then the constitutive relationship (Biot 1941 ) of a homogeneous poroelastic medium can be expressed as
where r ij is the total stress component of the bulk material; e ij and e are strain components and dilatation of the solid frame, respectively; k and l are Lame constants of the bulk material; p is pore pressure; d ij is Kronecker delta; and a and M are Biot's parameters describing compressibility of the two-phased material and 0 B a B 1 and 0 B M \ ?. The equations of motion (Biot 1962 ) of a homogeneous poroelastic medium can be expressed in terms of displacements u i and w i as
where q = (1 -n)q s ? nq f , q s and q f are mass density of the solid grain and the pore fluid, respectively; n is porosity of the solid frame; b is a parameter that accounts for the internal friction due to the relative motion between the solid frame and the pore fluid, and b = 0 if the internal friction is neglected; and m is a density-like parameter depending on q f and geometry of the pores.
Free-field response
The free-field response of layered poroelastic half-space can be calculated by direct stiffness method, to determine the 3D dynamic response on the boundary of the fictitious twin cavities and on the surface of the half-space. For a saturated poroelastic layer, the displacement amplitudes and the external load amplitudes at the top and bottom of the layer can be expressed by the amplitude coefficients of the up-going waves and of the down-going waves in wave-number domain, i.e.,
where, U x1 , U y1 , U z1 , and w z1 are the displacement amplitudes at the top of the layer, U x2 , U y2 , U z2 , and w z2 are the displacement amplitudes at the bottom of the layer, Q x1 , Q y1 , Q z1 , and Q f1 are the external loads at the top of the layer, and Q x2 , Q y2 , Q z2 , and Q f2 are the external loads at the bottom of the layer, and A P1 , B P1 , A P2 , B P2 , A SV , B SV , A SH , and B SH are the amplitude coefficients of the up-going waves and of the down-going waves, and Fig. 1 The model of twin cylindrical cavities in poroelastic soil layers over elastic half-space (bedrock) for incident plane SH waves, with a the view in x-y plane, b the view in y 0 -z plane and c the cross-section of the cavities in x-z plane. h h is the angle with y in x-y plane, and h v is the angle with y 0 in y 0 -z plane, H is the thickness of the soil layers, h is the buried depth of the cavity, and S is the distance between two cavities where,
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where, z is thickness of the soil layer; x is circular frequency of incident waves; k x and k y are two horizontal wave numbers; k sz , k p1z , and k p2z are wave numbers in vertical direction for S waves and two P waves, respectively; c s L , c p1 L , and c p2 L are velocities for S waves and two P waves in the soil layer, respectively; m x , m y , and m z are parameters related to the propagation direction for S waves; l x1 , l y1 , and l z1 and l x2 , l y2 , and l z2 are those for two P waves, respectively; k c = k ? a 2 M; and f L is damping ratio for the soil layer.
Eliminating the amplitudes of the up-going and downgoing waves can result in the dynamic stiffness matrix S L P1ÀP2ÀSVÀSH of the saturated poroelastic soil layer, S
The dynamic stiffness matrix S R P1ÀP2ÀSVÀSH of saturated poroelastic half-space can be obtained by applying loads at the free surface of the saturated poroelastic half-space and by considering only the down-going waves, which satisfies the radiation condition that without energy propagating from infinity toward the free surface. Letting A P1 = A P2 = A SV = A SH = 0 in Eqs. (5) and (6) and eliminating B P1 , B P2 , B SV , and B SH , the saturated poroelastic half-space matrix S R P1ÀP2ÀSVÀSH is obtained. Introducing the continuity of displacements and the equilibrium of stresses and pore pressures at the interfaces of the layers, the dynamic stiffness matrix S P1ÀP2ÀSVÀSH of a layered half-space can be assembled by using the soil layer stiffness matrices S L P1ÀP2ÀSVÀSH and the half-space stiffness matrix S R P1ÀP2ÀSVÀSH . For a layered half-space, the displacements of each layer can be solved by the following equation
U is the vector of solid frame displacement and of relative displacement between pore liquid and solid frame, and Q is the vector of stress and pore pressure. If we choose the bedrock outcrop as the control point and let U x0 , U y0 , U z0 , and w z0 be the bedrock input motion, the last four elements in vector Q can be obtained through
while the other elements of vector Q are zero. Once U is obtained, the amplitude coefficients of the up-going waves and down-going waves in each layer can be determined. Finally we get the displacement fU 
Dynamic Green's function
The dynamic Green's functions of moving distributed loads and pore pressure acting on inclined line in layered saturated poroelastic half-space can be obtained from the extension of the Green's functions of moving distributed loads on inclined line in layered elastic half-space , combining with Biot's theory of poroelasticity (Biot 1941; Biot 1962) . The Green's functions of distributed loads and pore pressure acting on inclined line in layered saturated poroelastic half-space are deduced, then the moving Green's functions can be obtained by Fourier integration along the moving direction (the axis of the cavities) Fðx; y; zÞ ¼ To obtain the Green's functions of distributed loads and pore pressure acting on inclined line in layered saturated half-space, the distributed loads and pore pressure are transformed into wave-number domain by the Fourier transform, and the Green's functions in wave-number domain are then obtained. Figure 2 shows the distributed loads and pore pressure acting on an inclined line in a saturated poroelastic layer, with the distributed loads acting on soil frame in the x-, y-, and z-directions. Because only one layer is loaded, two additional interfaces are introduced at the top and bottom boundary of the layer. The loaded layer is fixed at the two interfaces, and the corresponding reaction
Similarly, the displacement in layered half-space for undrained boundary condition can be written as U x ðx; zÞ U y ðx; zÞ U z ðx; zÞ 
where,
Verification of accuracy
To verify accuracy of the method, Fig. 3 shows the comparison between the degenerated solutions of this study and those by De Barros and Luco (1993) for surface displacement around single infinitely long cylindrical cavity in homogeneous elastic half-space subjected to incident plane SH waves. The cavity is featured with buried depth d/ a = 2, where a is the radius of the cavity. A dimensionless frequency g = 2a/k is defined, where k is the wavelength of shear wave in the half-space, and g = 0.5. Other parameters are as follows: Poisson's ratio m = 1/3 and damping ratio n = 0.01. It is shown that two solutions are in excellent agreement. Figure 4 shows the comparison between the degenerated solutions of this study and those by Liang et al. (2013) for surface displacement around single infinitely long cylindrical cavity in single elastic soil layer over elastic bedrock half-space, subjected to incident plane SH waves. The ratio of soil layer thickness to cavity radius h/a = 4, and other parameters are described in the figure. It is shown that two solutions are identical.
Numerical results and discussion
Figures 5, 6, 7, 8, and 9 illustrate surface displacements versus x/a around twin infinitely long cylindrical cavities in the case of dry poroelastic soil layer and in the cases of saturated poroelastic soil layer with drained and undrained boundaries, respectively, and in all three cases the bedrock half-space is elastic. For the purpose of amplification evaluation of incident waves of different frequencies, Fig. 10 shows spectral amplification of the surface displacements of the free field.
The parameters for the model are as follows: H/a = 4, h/a = 2, h h = h v = 45°, S/a = 2.5, 5, 10, and 20. The dimensionless frequency is g = 2a/k = 0.125, 0.25, 0.5, 1.0, and 2.0, where k is the wavelength of shear wave in poroelastic soil layer. The parameters for soil layer are as follows: porosity of the solid frame n L = 0.3, shear modulus of the solid frame l L = 216 MPa, mass density of the solid grain q s = 2400 kg/m 3 , Poisson's ratio = 0.25, mass density of the pore liquid q f = 1000 kg/m 3 , damping ratio f L = 0.05, and other Biot's parameters b = 0, M = 2490 MPa, m = 7222 kg/m 3 , and a = 0.8287. The parameters for elastic bedrock half-space are as follows: shear modulus l R = 5400 MPa, mass density q R = 2400 kg/m 3 , Poisson's ratio m R =0.25, and damping ratio f R = 0.02.
It can be seen that, the surface displacement peaks appear around twin cavities; when x/a becomes large, or the observation points are far from twin cavities, the surface displacement approach to the free-field response. When two cavities are close, there is only one group of displacement peaks, and the displacement peaks become larger, which is due to the interaction between two cavities; while the cavity interval increases, the displacement peaks gradually change into two groups with each corresponding to one cavity, and the displacement peaks then become smaller. It can be seen It may be concluded from these figures that, there is significant interaction between two cavities, and the interaction amplifies the surface dynamic response tremendously, and the influence range with large amplification can be as wide as 40 (±20) times of the cavity radius.
It can be found that, the surface displacements in both two horizontal directions are extremely large for g = 0.125, and the horizontal displacement peaks in xdirection are up to 7.00 (for S/a = 2.5) and 7.05 (for S/ a = 5), because the incident frequency is equal to the first resonant frequency of the free field, and the free-field response is large (Fig. 10) . It should be noted that, the vertical (z-) surface displacement of the free filed under incident plane SH waves is zero (Fig. 10) , and all the vertical (z-) surface displacements around twin cavities are resulted from the diffraction of incident waves by twin cavities. It is found that, in the case of g = 0.125 the vertical displacement peaks are 3.43 (for S/a = 2.5) and 1.42 (for S/a = 20), respectively, and the former value is even larger than the amplification (relative Fig. 6 Surface displacement around twin cavities in the case of dry poroelastic soil layer, the cases of saturated poroelastic soil layer with drained and undrained boundaries for g = 0.25 to the free-field response) at two horizontal directions, if the free-field amplification is excluded, which shows that the wave diffraction around twin cavities is significant.
It can also be found that, there are distinct differences for surface displacement among the cases of dry poroelastic soil layer, and saturated poroelastic layer with drained and undrained boundaries, and sometimes the displacement peaks in the dry case are larger, and sometimes those in the drained case are larger, and sometime those in the undrained case are larger. The free-field response peak at the first resonant frequency in dry case is 4.51, and the peaks in both the drained and undrained cases are 4.36. Therefore, for low frequencies, the surface displacement peaks are larger in dry case than in drained and undrained cases, since the freefield responses dominate the surface displacements; but as the incident frequency increases, the scattering, and diffraction waves play more important role, which makes the surface displacements very complicated. Under certain Fig. 8 Surface displacement around twin cavities in the case of dry poroelastic soil layer, the cases of saturated poroelastic soil layer with drained and undrained boundaries for g = 1.0 circumstances, the differences in the case of wave diffraction among dry poroelasticity, saturated poroelasticity with drained boundary and saturated poroelasticity with undrained boundary are much larger than those in the case of free-field response, which should be paid enough attention. 5 Conclusions 3D Diffraction of obliquely incident plane SH waves by twin infinitely long cylindrical cavities in layered poroelastic half-space is studied using indirect boundary element method (IBEM), and it is shown that, the interaction between two cavities is significant and surface displacement peaks become large when two cavities are close. The influence range with large amplification of incident waves can be as wide as 40 times of the cavity radius. There exist distinct differences among the cases of dry poroelastic soil layer, and saturated poroelastic soil layer with drained and undrained boundaries under certain circumstances, and the differences may be much larger than those in the free-field response.
